Debris flows are among the most destructive of all water-related disasters. They mainly affect mountain areas in a wide range of morphoclimatic environments. Therefore, accurate prediction of their run out distances, magnitudes and velocities plays a role of paramount importance, in order to plan and design appropriate structural and non-structural defence measures. In this context, a number of Authors have developed methods feasible to evaluate the tendency of a catchment to generate debris flow, without giving an estimation of the magnitude. Other empirical procedures are based on the analysis of historical series of debris flow, occurred in similar environments, to assess the relationship between the catchment characteristics and the maximum movable debris volumes. In this paper, and with reference to Val Gola-a small catchment in the North-East Lombardy where debris flows frequently occur-a number of methods, belonging to each of the above mentioned categories, have been briefly reviewed and applied in order to evaluate their effectiveness and consistency.
INTRODUCTION
Sediment transport in steep, small (<10 km 2 ) catchments of the Alps is often characterised by both newtonian (flood waves of clear water) and non newtonian (debris and mud flows) behaviour. The availability of long-term series of data (e.g. volumes, magnitude, velocity and frequency) is crucial in order to provide statistically significant analyses and predictions, thus making experimental measuring stations highly valuable for the scientific community as well as for the local agencies dealing with structural protection measures and land use planning.
In Italy, like the other European countries, there is a lack of such experimental data, with a few exceptions [1] [2] [3] .
In this context, a number of authors developed methods feasible to evaluate the tendency of a catchment to generate debris flow, without giving an estimation of the magnitude [4, 5] . Other empirical (statistical and semi-quantitative) procedures are based on the analysis of historical series of debris flow, occurred in similar environments, to assess the relationship between the catchment characteristics and the maximum movable debris volume.
In this paper, and with reference to Val Gola-a small catchment in the North-East Lombardy where debris flow frequently occur-a number of procedures, belonging to each of the above mentioned categories, have been briefly reviewed and applied in order to evaluate their effectiveness and consistency.
EMPIRICAL RELATIONSHIPS
At present, there are no rigorous methods feasible to assess the exact probability of debris flow occurrence. Semi-quantitative methods which allow to estimate the likelihood of debris flow occurrence in a particular torrent basin have been proposed by different authors [6] .
As an alternative, numerical simulation models can be used to assess the flow properties and the deposition process [7] .
Debris Flow Characteristics
From the point of view of the evaluation of a potential hazard, the volume M and the peak discharge p Q of a debris flow represent the most important parameters. In general, a spectrum of possible debris flow volumes and peak discharges can be expected to occur with different probabilities. a) Many attempts have been made to estimate a maximum debris flow volume for a given torrent catchment. These empirical equations are usually based on the most important morphometric characteristics of a catchment [8, 9] . It was found that these equations may overestimate the actual debris flow volume by up to a factor of 100 [2] . To overcome these uncertainties, D'Agostino [10] [11] [12] introduced a Geologic Index, which takes into account the different lithologic units of the catchment. Others followed the same path [13] . On the other hand, simplest method relies on fewer parameters, as the area [14] . b) Knowledge of the peak discharge and the associated flow velocity play a role of paramount importance when evaluating the conveyance capacity of a stream channel reaches or critical cross sections, as, for example, under bridges. It has been shown that empirical relationships can be established between the peak discharge, Q p , of a debris flow and the debris flow volume [15] . c) Other parameters like mean flow velocity, flow cross-section, travel distance and runout distance on fan play important roles in the assessment of a debris flow potential hazard [2] .
Further characteristics, observed in the field, may also be used to estimate the probability of debris flow occurrence and feature the triggering, mobilisation and stopping processes [4, 5, 16, 17] .
Probabilistic Analysis of Historical Data
Most empirical and statistical procedures for the estimation of debris flow magnitude compute "maximum" or "extreme" possible volumes. Less information is usually available about magnitude-frequency relations, which can usefully contribute to the definition of defence measures [18] .
On the whole, empirical and probabilistic predictive relationships provide an approximate assessment of debris flow characteristics and their use should be restricted to the environmental context (geological, geomorphological, climatic) where they have been developed. It has been pointed out [19] that these procedures produce very different results where employed in other geographical areas, without a previous check of their applicability in a given region.
THE VAL GOLA CATCHMENT

Geological and Geographical Framework
The Val Gola catchment (3.5 km 2 ), located in the eastern Italian Alps (Val Camonica, Lombardy Region), belongs to the Olio river basin. The catchment shows an elliptical form, with the main axes oriented in NW-SE direction (Figure 1) .
Geologically, the catchment, of great importance from both economic and turistic points of view, is characterised by different lithologies, essentially represented by evaporite and carbonate sedimentary units (Angolo, Camorelli, and Esimo limestones) chronologically dated between low and medium Triassic. Quaternary fans are, mostly, present in the lower part of the valley. According to their genesis, these deposits can be classified as gravitative fans or screes, deposits due to the fluvial processes and glacial deposits (moraines). Upper Quaternary fans, outcropping in different areas and having different stratigraphical positions are present, mainly, in the southern part of the catchment (Fermata Castello).
Field Surveys
Field surveys have been carried out to directly collect data and to verify those indirectly collected by air-photo interpretation and historical sources (flood frequencies, date and magnitude of past events, damages, landsliding and areal extension of flooded areas). Based on these observations an estimation of the main debris flow characteristics (magnitude, mixture and water discharges etc.) has been carried out.
From the morphology of the fans, the knowledge of the occurred past events, the characteristics of the drainage basin and the prevalent transport mechanism associated with individual fans were determined. The main outcomes of these investigations are summarized in the following chapters.
DATA ANALYSIS
The analysis of morphometric and hydrologic parameters used to describe the catchment characteristics and behaviour was based on the most frequently adopted approaches for the assessment of the type and magnitude of dominant alluvial fan activity.
The main aims of the analysis performed in this study can be summarized as follow:
 to put in evidence any significant statistical relationship among the parameters;  to analyse the relationships between the group of morphometric parameters and the type of activity;  to analyse the relationships between the morphometric parameters and the feasible maximum intensity of the different events. Figure 2 shows the catchment's tendency to debris flow generation according to Melton and Aulitzky's indexes, modified by Ceriani et al. [20] . The Aulitzky's index was evaluated equal to 15, featuring the bent of the basin for debris flow triggering as medium-high. Table 1 summarizes the results of the first nine empirical relationships. It is quite evident that this formulae give only approximate estimations of the possible maximum intensity of debris flow events. Such relationships can probably be improved if factors controlling sediment supply are also taken into account.
Empirical Methods
At present it appears that a geomorphologic assessment in the field of material likely to be mobilized may be the best approach to arrive at a more precise estimate of a possible debris flow volume.
It seems, therefore, necessary to test the reliability of these relationships by means of physically based methods.
Beside the above mentioned empirical formulae, the following relationship can be used, suitable to assess the rate between the debris flow T Q and water W Q discharges of the catchment [15] :
where * c is the packing concentration of the solid phase (usually equal to 0.65), c is the debris flow concentration and b S the degree of saturation of the river bed before the debris flow passage. Assuming b S = 1 [21] the expected debris flow discharge is equal to 2-3 times the liquid discharge. The trend of the function (1) is shown in Figure 3 .
The simplicity of this procedure does not prevent the assessment of the debris flow magnitude as function of the return period, which plays a role of great importance in the design of defensive measures.
In the case of the Val Gola catchment, in order to perform these computations, the estimation of the flood wave for different return times has been carried out. To do that, starting from Depth Duration Frequency (DDF) curves of different return times, a Chicago hyetograph has been built, which is critical for any duration shorter than its base time. On the basis of these hyetographs two infiltration methods have been used: Soil Conservation Service, with CN = 72; and Horton's, considering a soil of type C [22] . Depression storages have been considered equal to zero, being this assumption on the safe side, but without be exaggerated because of the very high slope of the catchment.
The rainfall/runoff relationship is of the usual convolution type, where the instantaneous unit hydrograph is the derivative of the time-area curve, normalized with respect of the total area.
The travel times have been computed considering the flow over a plane [23] :
where L is the catchment length, s k its roughness, s the slope and i the rainfall intensity. The catchment roughness is a model parameter, tabled in [24] , and assumed, in this work, equal to 10.
Generally speaking, not all the discharges produce solid transport, but with the simple application of the Schoklitsch's relationship [25] it was easy to verify that, due to the very high slope, the hydrograph tails, which do not produce solid transport, are very limited.
With the described methodology, the following results have been obtained: 
Physically Based Methods
Physically based approaches for assessing debris flow volumes are founded on the recognition of sediment sources, located along the channel network and feasible to be moved, in order to evaluate the probability of collapse. Some of these methods, known as geomorphological methods [26] , assume that all eroded material reaches the alluvial fan, whereas others consider the possibility of a partial redeposition within the basin.
Generally speaking, differences in density amongst debris in source areas, flowing water-sediment mixture and debris flow deposits are usually neglected.
In this work with the term "mass of sediment" is intended a debris volume made up of a single typology of prevalent material with homogeneous dimensions and materials, which represents an approximate hypothesis.
The probability of collapse of a mass of sediment has been assessed on the basis of the typology of the material and the topographical and morphological characteristics of the catchment. On the basis of field surveys, the thickness of the sediments have been assessed within the range 1-3 m. Table 2 shows the debris volumes and the upstream catchment characteristics, while Table 3 gives the movable volumes, as function of the mean thickness.
Different procedures are available, feasible to evaluate the probability of movement of a sediment mass [28] . According to Chen and Jan [28] , the water depth that can move the mass is given by:
where: 
while the discharge Q through a vertical section of a sediment mass with height H can be assessed as follows:
where m l is the mean width of the debris mass, defined as the ratio between its area and length along the direction of the maximum slope:
The critical intensity of the rainfall to generate Q is given by:
with b A the area of the subcatchment upstream the debris mass.
For the Val Gola catchment 0 7 .
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has been selected on the basis of accurate hydrologic investigations [27] .
On the basis of these parameters, further characteristics have been evaluated. Table 4 gives the return periods needed to move masses of debris flows of different thickness.
For masses so large, the hypothesis that they can collapse entirely at the same time cannot be accepted. So, these debris masses have been divided in "sub-masses", generated by different subcatchments. Table 5 gives the return periods of the rainfalls that triggered the collapse of the debris flow sub-masses.
To achieve a more reliable assessment of the catchment instability, the well-known Shalstab code [29] was applied. To this end, the basin area has been divided with DEM cells of 20 m × 20 m (Figure 4 ). The Figure 4 shows that about 65% of the area results to be unconditionally unstable (independently of the rainfall intensity) and for about 30% the stability depends on the rate between the rainfall intensity and the soil permeability. The remaining 5% of the catchment results unconditionally stable.
CONCLUDING REMARKS
With respect to the hazard assessment of a small torrent catchment of the Alps (Val Gola) different empirical methods have been applied with the aim of determining whether debris flow are likely to occur or not.
Each of the considered methods shows both advantages and shortcomings. The wise application and a Table 5 . Return period T of the rainfall necessary to move the sub-masses of the volume AM1. cross-check of different estimation approaches can help attenuate the intrinsic limitations of each single method, offering a more reliable assessment of the bent of a catchment to generate debris flows.
Such relationships can be improved if hydrologic and hydraulic parameters and factors controlling sediment supply are also taken into account. At present it is agreed that a better knowledge of the hydrologic characteristics of the catchment and a more detailed assessment in the field of the material likely to be mobilized may be the best approach to achieve a more precise estimate of a possible debris flow volume. Once a design debris flow volume has been determined, a number of other important parameters characterizing debris flow behaviour can be estimated, as shown in this work.
Further studies are in progress, with the uses of physically based mathematical models, suitable to describe in a more realistic way the triggering, propagation and deposition processes of debris flows, in order to design more efficient structural and non-structural defence measures.
